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Abstract: We present an experimental and theoretical study of the optical 
properties of metal-dielectric-metal structures with patterned top metallic 
surfaces, in the THz frequency range. When the thickness of the dielectric 
slab is very small with respect to the wavelength, these structures are able to 
support strongly localized electromagnetic modes, concentrated in the 
subwavelength metal-metal regions. We provide a detailed analysis of the 
physical mechanisms which give rise to these photonic modes. Furthermore, 
our model quantitatively predicts the resonance positions and their coupling 
to free space photons. We demonstrate that these structures provide an 
efficient and controllable way to convert the energy of far field propagating 
waves into near field energy.   
 
  
1. Introduction  
 
One of the most intensively studied topics in modern photonics is the ability to control the light 
at sub-wavelength scales. Because of their extremely high electron concentration, metals have 
unique optical properties which make them suitable for this objective. In particular, metal-
dielectric surfaces are able to support surface plasmon-polariton modes which - at frequencies 
comparable to a fraction of the metal plasma frequency - can be tightly localised around the 
metallic surface [1,2]. This is the basis of many novel photonic applications in the visible and 
near-infrared [3,4]. At longer wavelengths, surface plasmon waveguides had a real impact on 
the quantum cascade lasers [5,6], where the size of a dielectric waveguide would be 
incompatible with standard epitaxial techniques. 
  
However, the sole use of surface plasmons for building compact practical devices could 
become inadequate for longer wavelength range, since the surface plasmon extension into the 
dielectric greatly increases as the metal loss is decreased for frequencies far below the plasma 
frequency [1]. Then the metal structuring comes to the rescue. For instance, spoof surface 
plasmons in a structured metallic membrane have been recently proposed [7] and demonstrated 
in the THz region [8]. Most generally, metal surfaces which are a patterned on a sub-
wavelength scale can be engineered to sustain resonant modes and then new properties emerge. 
Metamaterials are recent prominent example [9,10].  
 
On the other hand, in the far infrared range of the electromagnetic spectrum metals are not only 
low loss, but also excellent reflectors. Precisely this property can be exploited to confine the 
electromagnetic field far beyond the diffraction limit. It is well known that the fundamental 
TM mode guided between two metallic plates does not have a cut-off frequency, and the light 
can be squeezed into sizes much smaller than the wavelength [11]. Structuring one of the metal 
layers can provides an efficient way to couple in and out the radiation, which is important for 
devices such as THz lasers in a distributed feedback configuration [12,13] or photonic crystal 
lasers [14,15]. The ability of metal-metal structures to support strongly localised 
electromagnetic fields has already been pointed out in experiments performed in the 
microwave part of the spectrum [16,17]. 
 
  
In this paper we systematically explore, both experimentally and theoretically, the properties of 
metal-semiconductor-metal structures in the THz frequency range with subwavelength 
dimensions. The top metal layer is periodically patterned, which leads to the formation of 
resonant modes with an electromagnetic field that is squeezed into the thin semiconductor 
layer. Such device architecture is particularly appealing since the semiconductor layer can 
naturally be filled with – for instance - a quantum engineered active medium.  
 
The paper is organised as follows. In part 2 we study the simplest periodic metallic pattering: 
the rectangular strip grating. In 2.1 we will report on our experimental studies in the THz 
frequency range, and compare them with a full numerical model [18]. In 2.2 we will study the 
electromagnetic field of the resonant modes and we will show how their symmetry affects the 
coupling efficiency of the structure. In 2.3 we analyze in details the confining mechanism 
trough a simpler and more intuitive analytical approach. In 2.4 we study the influence of the 
geometrical parameters of the structure on the dispersion properties of the photonic modes. In 
part 3, we present our experimental results with bi-dimensional gratings, which are analyzed on 
the basis of the concepts developed in part 2. In part 4 we demonstrate the important role 
played by the evanescent near field of the grating for the resonant coupling of free space 
photons into the highly confined electromagnetic modes. Finally, in the last part of the 
manuscript we will return to the 1D geometry to show a peculiar topological property, which 
yields two different types of resonances respectively in the THz and MIR frequencies, yet 
supported by the same structure.  
 
The basis of our full numerical model is the so called “modal method”, introduced in 1981 by 
Botten et al. [19] and Scheng et al. [20]. This model has been extensively applied to study free 
standing lamellar metallic grating and the photonic phenomena associated. The implementation 
of the modal method that we use is described in [18]. Metal losses have been taken into 
account by the surface impedance boundary condition, which is an excellent approximation in 
the THz and MIR frequency range [21].   
 
2. 1D sub-wavelength grating 
 
2.1  Experimental study 
 
In Figure 1(a), we illustrate the typical structure of our investigation: a thin semiconductor 
(Gallium Arsenide) slab of thickness L,  sandwiched between a metallic (gold) mirror and a 
lamellar grating of strip width s and pitch a. The periodicity of the grating is p=a+s. The inset 
of Fig. 1(a)  indicates the typical dimensions of the grating region, which is in the order of tens 
of microns. Note that for the frequency region of interest 1-9 THz (λ=300-34µm) the typical 
grating periods remain smaller than the wavelength λ. The thickness of the gold stripe is 
h=450nm. 
 
The optical response of the structure is tested, in the THz region, using reflectometric 
measurements. In our setup a polarized beam from a Globar lamp of a Bruker interferometer 
(IFS66) is focused on the grating and the reflected intensity is measured with a cooled 
Bolometer detector. The incident angle θ indicated in Fig. 1(a) is either 10° or 45°, depending 
on the experimental configuration. While the plane of incidence in the experiments is always 
perpendicular to the grating stripes, we will also discuss a more general case. The incident light 
is p-polarized, i.e. with an electric field perpendicular to the stripes. In the orthogonal o-
polarization the reflectivity of the structure is close to unity in the studied frequency range, 
therefore we do not consider this polarization [18]. 
 
 
  
 
 
Fig.1. (a) Schematics of the structure. A semiconductor slab with thickness L is sandwiched between a metallic plane 
and a lamellar metallic grating. The inset shows a top view of a sample with typical dimensions. The direction and the 
polarization of the incident plane wave is also indicated. (b) Experimental spectra for incident angles θ=10° and 45° 
(dotted curves) and simulation at θ=45° (continuous line). (c) Resonant frequencies of the reflectivity dips as a 
function of the inverse strip width c/s. (d) Effective index of all the resonances as deduced from Eq. (2) (dots). The  red 
continuous line is the bulk semiconductor index ns. For all plots, the restrhalen band of GaAs is indicated in grey. 
 
 
In Figure 1(b) we provide two typical reflectivity spectra of a structure with s=12.4 µm and 
a=7.6 µm, for both incident angles 10° and 45°. The grating period is p=a+s = 20 µm. The 
thickness of the semiconductor slab is L=0.8µm. In this limit no diffraction is possible and the 
reflectivity signal is collected from the 0th-order specular reflection only. As no energy can be 
diffracted into high-order free space modes, the reflectivity dips observable in the spectra 
correspond to resonant absorption within the structure. We can actually speak about resonant 
photon tunnelling [22], a phenomenon appearing whenever the frequency of the incident 
photon matches the frequency of a photonic mode of the structure. When this condition is 
satisfied incident photons are coupled into the mode and their energy is eventually dissipated 
by inherent ohmic losses of the metallic walls [23], yielding the absorption minima in the 
spectra. The mechanism of  resonant absorption will be studied in details in paragraph 4.   
 
The absorption features are labelled by an integer K=1, 2, 3…. From the data of Fig. 1(b) one 
can see that the odd K resonances are excited at both angles of incidence, whereas the even K 
resonances are absent at 10° (which is almost normal incidence). This indicates that the 
coupling with the resonant modes of the structures obeys precise selection rules that will be 
detailed in paragraph 2.2.  
 
A recurrent feature in the experimental spectra is visible in the band between 8 and 9 THz. This 
frequency range corresponds to the well known restrhalenband region, where the 
electromagnetic radiation resonantly interacts with the optical phonon of polar semiconductors 
[24]. 
 
In Fig. 1(b) we have indicated, as a black continuous line, the prediction of the full numerical 
model which takes into account the dispersion of the semiconductor refractive index and the 
ohmic losses of the metal trough a Drude-like dielectric function for the metal layers:  
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where the frequency ν is expressed in Hz. Using Eq. (1) numerical computations  precisely 
account for the positions and the widths of the resonances (for simplicity, only the simulation 
for θ = 45° is presented).  
 
To characterize the absorption resonances, we have studied gratings with different stripe 
widths and periods, at both angles of incidence: 10° and 45°. A summary of the data and 
comparison with the model are presented in Fig. 1(c), where the peak positions are plotted 
versus the inverse of the stripwidth 1/s. In order to express both axes in units of frequency, we 
rather use c/s where c is the speed of light.  It can be seen from the figure that the frequency 
positions are independent from the angle of incidence. However, for θ =10° only the odd K 
resonances are observable. For frequencies that are sufficiently far from the restrahlenband the 
peaks positions evolve almost linearly with c/s, and we can write the simple expression [25]:  
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This expression corresponds to a standing wave under the grating stripes, with the integer K 
counting the electric/magnetic field nodes/maxima [25] (see also Figure 2). In the 
phenomenological expression Eq. (2) we have introduced the effective modal index nM of the 
standing wave. Knowing the geometry of our structures and the resonant frequencies the 
effective index can be easily computed from Eq. (2), and has been plotted in figure Fig.1(d), 
for all orders K. We observe that the behaviour of nM is related to the dispersion of the GaAs 
material index (in red) [26]. Both nM and the refractive index of the semiconductor rapidly 
increase while approaching the restrhalen band, causing the saturation of the dispersion curves 
νK(c/s) of Fig. 1(c). However, the value of nM is ~14% higher than the bulk index. This 
difference arises from the impedance mismatch that confines the electromagnetic field under 
the stripes, and yields a reflection phase shift at the edges of the resonator that is not an exact 
multiple of pi. This effect is studied in details in paragraph 2.3. 
 
2.2 Field maps and selection rules  
 
In Figure 2 we plot the electromagnetic field at the resonant frequencies as calculated by the 
full numerical model used to  fit the experimental spectra of Fig1(b), For p-polarized light the 
only tree non-zero field components are Ez, Hy and Ex, with a coordinate system Oxyz oriented 
as in Figure 1(a). The origin of the system is taken on the left metal stripe, and the plane z = 0 
corresponds to the upper semiconductor surface. In Figure 2(a) these components are plotted 
for the first excited resonance K=1, under normal incidence θ  = 0°.  
 
A standing wave pattern in the x-direction is clearly visible in the contour-plots of Ez and Hy. 
These components are essentially confined below the grating stripes, and in these regions they 
can be approximated by the expressions:  
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These components are therefore independent from z. On the contrary, the Ex component is 
strongly localized around the metallic corners. This already has been noticed for similar 
structures in the microwave region [16] and can be identified with the following 
phenomenological expression, based on the field map of Figure 2(a):  
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with δ(x) the Dirac delta function. This expression is defined here in an intuitive way. 
However, it can be rigorously justified as it will be shown in paragraph 2.3. 
  
 
 
 
 
Fig. 2. (a) Plot of the tree components (Ez, Hy and Ex) of the electromagnetic field for the first (K=1) resonance, under 
normal incidence θ=0°. The maximal values are in red and minimal in blue. The induced charges and currents are 
obtained trough Eq. (9). (b) Electric field Ez for the first odd resonances (K=1,3). The arrow indicates the dipole 
moment of the induced charge distribution on the metallic stripe. (c) Expected charge distribution of the K=2 mode at 
normal incidence θ=0°, and net induced dipole at oblique incidence.  
 
The expression of the x-component of the electric field Eq.(4) can be used to establish the 
selection rules of the resonances. To this end, we compare the latter  with  the x-component of  
the diffracted field in the air. We recall that the diffracted field can be cast into a Raleigh 
decomposition of evanescent and propagating components [27]. In the case of grating with sub-
wavelength period p, as in our case, the only propagated component is the 0th diffraction order, 
which is a superposition of the incident wave and reflected  wave with amplitude R0:  
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Here k0=2pi/λ=2piν/c, α0 and γ0 are the x- and z- wavevector components of the incident plane 
wave. We have dropped for the moment the evanescent components of the diffracted field as 
they will be discussed in details in paragraph 4. Neglecting the thickness h of the metallic 
grating, which is much smaller than the wavelength, we can match the tangential electric fields 
Eqs. (4) and (5) at z=0. Integrating the continuity condition over the grating period we obtain: 
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This integral is proportional to the quantity IK:  
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Here we have used Eqs. (2-4), and λK=c/νK=2nMs/K is the wavelength of the Kth resonance. The 
depth of the resonances in the reflectivity spectra (see Fig.1(b)), which we can define as 
2
01 R−  is proportional to the quantity Re(IK ) which therefore contains the selection rules 
  
stated above. Indeed, according to (8) the odd K orders are excited independently from the 
incident angle, since (-1)K=-1 and IK(θ) is never zero. Instead, the even K orders are strictly 
prohibited at normal incidence θ = 0°, and become deeper at oblique incidence  following an 
approximate sin²θ  dependence. 
 
An intuitive  picture of the selection rules can be grasped by examining the distribution of 
charges and currents induced on the metallic walls, which are provided by: 
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with σ the sheet charge density, j the surface current density, and n the outgoing normal to the 
metallic walls. The surface currents and charges induced by the mode have been indicated in 
Fig. 2(a). Since Ez and Hy are z-independent, from Eq.(9) we deduce that the induced charges 
and currents in the lower metallic plane are the reverse images of the ones induced on the 
stripes. Therefore the structure naturally has a capacitor and an inductive behaviour. For 
instance, for the K=1 mode there are two capacitors which are located at the edges of the 
stripe, while the inductance is located in the centre. 
 
On the other hand, it is clear from Eq. (3) that for K=1 the electric field Ez changes sign from 
one strip edge to the other, and it is maximum in absolute value around the edges. Therefore 
from Eq. (9) the charges induced on the metal stripe are located around the edges and have 
opposite signs (the latter is also imposed by the overall neutrality of the charge distribution). 
The charge distribution on the stripe has, therefore, a net dipole moment in the x-direction. This 
dipole moment is parallel to the electric field of the p-polarized incoming wave, which for θ = 
0° also oscillates in the x-direction, thus the coupling between the mode and the incident 
radiation is allowed. This is actually true for any angle of incidence θ, since the incoming 
electric field will always have a non zero projection on the dipole moment of the charge 
distribution. The same reasoning can be applied also for the K=3 resonances, illustrated in Fig. 
2(b), and in general any odd resonance.   
 
The same conclusions will be obtained if we consider the surface currents rather than the 
surface charges. Indeed, it is clear from Fig. 2(b) that, because of the induced surface currents, 
the structure also possesses a non-zero magnetic moment that is parallel to the incoming 
magnetic field. Note that in the semiconductor region the current loops are completed by the 
displacement current 0 /zE tε ∂ ∂ .  It can be readily shown that odd resonances will also have 
non-zero net magnetic moment that always allows the coupling. In other words one can say 
that each stripe of the grating behaves like a microwave patch antenna [28]. 
 
Now let us examine the possible dipole moment of the K=2 mode, under normal incidence. 
The electric field mode, as seen from Eq. (3), has two maxima at the metallic edges and a 
minimum in the middle of the metal stripe. The expected induced charge density is indicated 
on figure 2(c). Under normal incidence, it is symmetric with respect to the middle of the stripes 
and consists of charges +q at the strip edges and -2q in the middle. This can be viewed as two 
opposite dipoles oscillating in counter phase, with no net dipole. The K=2 and all the even 
modes are therefore strictly forbidden under normal incidence.  
 
On the contrary the coupling is allowed when the symmetry is broken under oblique incidence. 
In this case, the incident electromagnetic field excites the opposite dipoles with a delay 
proportional to sin(θ).  The charges oscillate slightly out of phase and create a small net dipole, 
as indicated in Fig. 2(c). 
 
2.3 Impedance mismatch  
 
We turn now to the discussion of the confining mechanism which is responsible for the 
formation of the standing wave patterns described above. This mechanism arises from the 
impedance mismatch between the metal-metal and single metal regions [25]. Indeed, when the 
thickness L is much smaller than the wavelength λ, the metal-metal region supports only the 
lowest order guided TM0 mode, which does not have a cut-off frequency. On the contrary, in 
the open single metal regions the electromagnetic f
  
waves (Fig. 3(a)). The modal mismatch of the electromagnetic field at the openings of the 
double metal regions causes the reflection of the TM0 at the openings, as illustrated in Fig. 3(a), 
hence the formation of the standing wave pattern. A similar phenomenon is found at the open 
end of acoustic instruments [29].  In this paragraph we propose a simple model to evaluate the 
impedance mismatch and we provide an analytical formula for the resonance frequencies νK. 
 
 
 
Fig. 3. (a) Illustration of the impedance mismatch between the TM0 guided mode L and the radiation continuum in the 
single metal region. (b) Plot of the module and the argument of the complex reflectivity ρ (Eq.(13)), as a function of 
the thickness L for a wavelength λ=100µm (frequency ν=3 THz ), in the single-mode approximation.  
 
The field of the metal-metal regions between the stripe and the metal mirror can be written as a 
superposition of two counter-propagating guided TM0 modes: 
 
                 ( )0; 0 , exp( ) exp( ),TMz x xL z x E A i x B i xβ β− ≤ ≤ −∞ < < = + −    (10)        
 
with βx the propagating constant of the TM0 mode and A and B the amplitudes of the 
counterpropagating fields. The propagation constant is βx = ngk0 where ng is the guided mode 
effective index which can be obtained from the usual guided mode theory. It is actually slightly 
higher than the bulk semiconductor index represented in figure 1(d) due to the penetration of 
the mode in the metallic regions. 
 
On the contrary, the semiconductor slab of the single metal region cannot support any guided 
modes. To model the impedance mismatch, we will assume that this region is a semi-infinite 
space entirely composed of semiconductor, supporting a continuous set of plane waves: 
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Here ns is the bulk semiconductor index, and for simplicity, we consider only one open end, at 
x>0, as in Fig 3(a). Then the effective reflectivity coefficient which describes the impedance 
mismatch is defined as: 
 
/ .B Aρ =       (12)                                                                   
 
In order to carry out the calculation for ρ, we change our structure in order to obtain a system 
that has essentially the same physical properties, but that can be resolved analytically. First, the 
lower limit of the integral of Eq. (11) is pushed to −∞  in order to obtain an invertible Fourier 
transform. Then all the metal regions are replaced by semi-infinite thick metal walls, in order 
to take advantage of the electric field boundary condition Ez=0. By doing this transformation 
we obtain a single slit perforated in a metallic membrane of width s. This geometry has been 
treated in the literature [30, 31]. Here we provide the final result: 
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Here ϕ=nsk0L. In figure 3(b) we plot complex reflectivity ρ as a function of the cavity thickness 
L, for a wavelength λ=100µm (ν =3THz). The plot clearly shows that the impedance mismatch 
becomes more and more important as the slab thickness L is decreased as compared to the 
wavelength, and it vanishes for thick resonators [32].  
 
Once the effective reflectivity ρ at the stripe edges is known, we can compute the frequencies 
and the effective index of the standing waves. Since the metal stripe can be considered as a 
short waveguide of length s, in order to have resonant modes, the following condition must be 
satisfied: 
 
21 exp(2 ) 0.
x
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This condition states that the field under the stripe should recover its phase after a roundtrip 
between the two resonator open ends. Since both the effective reflectivity ρ  (Eq.(13)) and the 
propagation constant βx are complex functions of the frequency ν, then in general Eq. (14) must 
be solved numerically and would provide complex solutions for the frequencies of the resonant 
modes. However, our goal is to avoid the numerical computation and to provide handy 
analytical expressions with clear physical meaning. A first step is to neglect the imaginary part 
of the guided mode index ng, and then, having in mind that βx=2pivng/c, we express the 
complex solutions of Eq. (14) as: 
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The real part Re( )Kνɶ of Eq.(15) provides the frequencies of the standing waves. It can be 
directly related to the experimental data through comparison with Eq. (2), defining an apparent 
mode index nM as:  
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The imaginary part of Eq. (15) provides the damping rate, and hence an estimation of the 
quality factor of the confined modes. In this model, the damping comes from both the metal 
loss (contained in the guided mode index ng) and the radiation into the continuum of plane 
waves. The quality factor that we obtain is:   
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In order to compare  Eqs.(16) and (17) with the experiment, we take the values of  ρ(ν) and 
ng(ν) at the measured experimental frequencies ν=νK.  The results of this study are shown in 
figures 4(a) and 4(b). The experimental values of the quality factors Q have been obtained 
through lorenzian fits of the experimental spectra. Knowing the physical dimensions s of the 
resonators, a fairy  good agreement is obtained for the effective modal index nM (Fig. 4(a)). 
This validates our estimation of the reflectivity phase shift due to the coupling with the  
continuum of radiated waves. 
 
The above simplified model does not account properly for the quality factors in this first order 
approximation (Fig. 4(b)), but still it provides the correct order of magnitude. On the contrary, 
the quality factor is very well reproduced using the numerical modal method. We believe that 
this discrepancy arises partly from the periodicity of the grating which is not taken into account 
in the estimate of the impedance mismatch. The periodic arrangement of the resonators 
  
modulates the plane wave continuum, which changes the way that the resonator energy is lost 
through dissipation and radiation. 
 
 
 
Fig. 4. (a) Effective index of the K=1 and K=3 resonances (dots) compared with theoretical predictions from Eq. (16) 
(black  lines). The effective index ng of  TM0 mode of a planar double-metal waveguide of thickness L=0.8µm is also 
indicated. (b) Quality factors as deduced from experiment (dots), full model (red continuous line) and the simplified 
model from Eq. (17) (dashed curve). 
  
Finally, we will show that the analytical model described here also accounts of the strong Ex 
field singularities around the metallic corners described in 2.2. Sparing the reader some lengthy 
calculations, the function C(kz) from Eq.(11) is evaluated to be: 
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Similar result can be found in [30]. Then using Eq. (11) and the Maxwell equation 
0
x x z zE E∂ + ∂ =  the field Ex component around the corner of the metallic stripe can be 
expressed as: 
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This integral describes a strongly localized function around the metallic corner (x = 0, z = 0). 
For instance, at z=0 we obtain 10( , 0) (2 / )xE x z H xnpi λ= ∝ , with 10 ( )H x  the 0th order Hankel 
function of the first kind, which is singular at x=0, whereas the integral clearly has a delta-like 
behaviour in the z-direction [33].  
 
Physically, Eq. (19) describes a cylindrical wave with a source located at the metal corner of 
the stripe, with an amplitude that is proportional to the vertical component of the electric field 
at the resonator end Ez(x=0-). This vision confirms our description of the coupling selection 
rules in 2.2. Indeed, when the incident plane wave strikes the structure it excites two secondary 
sources with amplitudes Ez(x=0) and Ez(x=s), located at the  resonator ends. These secondary 
sources are  excited with a phase delay provided by the finite optical path of the incident wave 
along the metallic stripe (see also Eq. (8)). Low reflectivity is obtained when the two interfere 
destructively, which is always true for odd K resonances and is impossible for resonances with 
even K under normal incidence. 
 
2.4. Dispersion properties  
 
2.4.1 Dispersion along the grating 
 
The microcavity configuration described above, producing localized modes, is different from 
the one usually found in the literature [34], where the periodic structures rather yield 
delocalized photonic crystal modes, with defined dispersion relations. This regime can also be 
  
recovered in our structures as hinted by Figure 3(b) which shows that the reflectivity ρ 
vanishes for thick resonators (large L). Therefore, by increasing the thickness of the structure, 
the localized modes couple with each others and become de-localized along the whole grating. 
This is best understood by studying the dispersion properties of the system, as illustrated in 
figure 5. In this figure, the real part of the eigenfrequencies of the system are computed in a 
scattering-matrix approach and plotted in the first Brillouin zone. The x-axis of these plots is 
the normalized parallel wavevector kZB=k0sinθ (p/pi). We recall that θ  is  the incident angle 
from the air side and p is the grating period. 
 
 
 
Fig. 5. Dispersion diagrams for structures with increasing slab thickness L and identical gratings (s=11.5µm, 
a=5.5µm) . The blue continuous line is the air light cone. The blue dotted lines are the folded dispersion of the guided 
TM modes of a planar double metal waveguide with the same thickness as the grating structures. The two insets show 
the magnetic field distributions Hy for structures with L=0.8µm and L=10µm (not at the same scale). 
 
For a very sub-wavelength thickness L=0.8µm an essentially flat dispersion is obtained, which 
indicates localized modes. Indeed, in this “tight binding” regime, the different resonators are 
uncoupled and their frequency depends only on the stripe width s (Eq. (2)), and depend neither 
on the incident angle, nor on the period p. As illustrated by the contour-plot of the magnetic 
field in figure 5, the field is a superposition of the field distributions of the individual localized 
resonators, modulated by a Bloch-Floquet envelope exp( / )ZBik x ppi . In this case the periodicity 
creates a set of infinitely degenerate photonic modes, each labelled by the index kZB. In the 
same figure we also plot the dispersion of the TM0 mode folded into the first Brillouin zone to 
show the deviation of the localised modes with respect to the case of the planar dispersion. 
 
When the structure thickness is gradually increased, the different resonators start to couple, 
resulting in a more dispersive behaviour. The anti-crossing feature that appears as the 
dispersion encounters the air light-cone is related to the Wood anomalies [35,36]. Finally, for a 
very thick structure L=10 µm, we recover the usual DBR-like behaviour. The field distribution 
in this case is dominated by the Bloch-Floquet envelope. Far from the Brillouin zone edges the 
photonic dispersion is parallel to the folded double-metal planar waveguide modes TM0 and 
TM1, whereas the grating opens gaps in the Brillouin zone edges, which are proportional to the 
coupling constant of the DBR [37]. Therefore the group velocity of the photonic mode, that is 
proportional to dω/dk//, can be changed from 0 to a maximum value c/ns by controlling the 
semiconductor thickness of our structure.  
 
Similar behaviour is obtained for a fixed thickness, when the stripe separation a is reduced. 
The minimal value of a that couples the resonators depends strongly on the thickness L and the 
metallic loss. This value is roughly provided by the decay length of the field outside the 
  
resonator can be estimated at Im( ) /g gn nλ ɶ , where gnɶ  is defined in Eq. (13). It can be deduced 
from Eq. (13) and the reflectivity plot of Fig. 3(b) that this decay length strongly decreases as 
the cavity thickness is reduced. For instance, at L = 0.8µm, the modes start to couple for a < 
0.5 µm. In order to scale the reflectivity resonances to higher frequencies, while keeping them 
uncoupled, one must not only decrease the size of s, but also decrease the thickness L and/or 
increase the stripe separation a. 
 
2.4.2 Dispersion along the slits 
 
So far, we have been concerned with the dispersion properties of the structure in the direction 
of the grating periodicity. It is clear that, because of the 1D nature of the metallic texture, the 
subwavelength modes described above are strictly dispersionless only along this direction. 
Considering now an incident plane that is parallel to the stripes, with an incident wavevector ky 
it is easy to show, using the Helmholtz equation, that the formula providing the resonant 
frequencies is: 
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The resonances are still excited in p-polarization only, because only this polarization provides 
an electric field with non-zero projection perpendicular to the metal stripes. In practice the 
dispersion described by (20) is difficult to observe experimentally due to the high refractive 
index ns of the dielectric (GaAs) used in our structures. Introducing φ as the oblique angle of 
incidence in the air, we can write ky = ν sinφ/2pic leading to: 
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Since the semiconductor dielectric constant ns2 >> 1 > sin2φ, the φ dependence in Eq. (21) 
could be neglected, as we have also verified by numerical simulations. 
 
3. 2D structures  
 
In order to obtain strictly dispersionless resonances the metal layer has to be structured in two 
dimensions. The simplest example is the square patch grating described in figure 6. The side of 
the patch will be labelled s, and the period of the square grating is labelled p. Fig. 6(a) 
describes an experiment with a grating with dimensions s = 13µm and p = 17µm, where the 
probing wave arrives at an incident angle of 45° with respect to the normal of the grating 
surface. The incident direction is parallel to the patch edges (along the X-Γ direction, in 
crystallographic conventions). The structure is probed both in p- and o- polarizations, with the 
electric field parallel (p-) /perpendicular (o-) to the plane of incidence. With this 2D surface 
patterning the absorption features are observed for both polarizations (Fig. 6(b)). In analogy 
with the 1D case, these resonant features can be identified with TMNM modes confined under 
the metallic patches, with frequencies provided by the equation: 
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and the electric field distribution under the patches is approximately given by:  
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that is, again, independent from z. The effective index nM takes approximately the same values 
as for the 1D grating. The major difference arises from the fact that now the field is confined in 
the tree dimensions of space and therefore the resonance frequencies are exclusively 
  
determined by the resonator size, regardless the angle incidence. In this respect, these 
resonances are the substantiation of truly dispersionless photonic modes [17]. 
 
Our aim is now to understand the complex structure of the experimental spectra of figure 6(b). 
We first remark that, according to Eq. (22) the modes (K,0) and (0,K) are degenerate, and  
according to Eq.(23) their electric field oscillates in two perpendicular directions (along the x- 
and y- direction, respectively). Therefore these resonances can be excited independently from 
the polarization, and even by unpolarized light, since any polarization can be decomposed into 
two orthogonal linearly polarized components. This is indeed the case in the experiment, but 
only for even orders K, whereas the odd orders are excited only in p- polarization. Further, the 
(1,1) resonance is not very well pronounced.  
 
 
 
Fig. 6. (a) Structure with a square patch grating. The inset shows a top view of a sample with typical dimensions. The 
incident direction and the possible polarizations of the incident beam are also shown. (b) Reflectivity spectra of a 
sample with dimensions L=1.5µm,  p=17µm and s=14.3µm for both o- and p- polarized incident beam. The incident 
angle is θ=45° with respect to the grating normal.  
 
As for the 1D case, we are interested in defining the reflection selection rules. These rules can 
be formulated quantitatively in the same way as in the 1D case, with the use of the in-plane 
electric field component E//.  We first introduce the in-plane wavevector component k// of the 
incident wave, that can be expressed through the polar incident angles (θ, φ): 
 
/ / 0 0( sin cos , sin sin ),k kθ φ θ φ=k    (24)                                          
 
The experiment corresponds to θ =45°, φ=0° and both polarisations. Then the  superposition of 
the incident and reflected 0th diffracted order is: 
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Here ( , )x y=r , / / ( , )x y=u u u  are the in-plane unit vectors, and 2 20 / /kγ = − k . Using a delta-
like form for the modal electric field which is similar to the 1D case, we have:  
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Here the coordinates x and y run only along the metallic edges on the resonator. Following 2.2 
we have to match the in-plane component of the field. However, to take into account of the 
  
vector character of the field, we rather match the projections / / / /.k E  for p- and  / / / /∧k E   for o- 
polarization.  In this way, the modal field is projected only in the direction of the incident field. 
As a result, we obtain the two functions Ip and Io which describe the relative intensity of the 
resonances: 
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These integrals run over contour of the resonator. Dropping the constant field amplitudes, we 
obtain the following result for the special case (φ=0°) of figure 6(a): 
 
 
 
                 Fig. 7. Electric field Ez distribution (Eq. (23)) and induced charge distribution (through Eq.(9)) 
for the first excited modes. Here k// and E// are the projections of, respectively,  the wavevector 
and the electric field of the incident wave on the grating surface (xy-plane).  For each mode, we 
have indicated with red arrows the net dipole induced under these experimental conditions.  
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 where 2 sinNM NMspi θ λΩ = and λNM is the wavelength of the resonance (N,M). It is easily 
verified that the above expressions predict correctly the observed selection rules, and 
qualitatively the relative depth of the resonances, which is proportional to Re(Ip,o). Note that 
this method can be easily generalized for any incident direction, and for an arbitrary 
combination of linear polarizations as well as resonators of different forms.  
 
Again, an intuitive picture of these results can be obtained invoking the induced charges on the 
edges and the retardation effects, as it is illustrated in figure 7, where we have indicated k// and 
E// for each experimental configuration. For even K resonances, the induced edge charges 
always have opposite signs, and there is a non-zero dipole moment, independently on the 
retardation effects. Therefore these resonances will always be excited. On the contrary, the 
(1,1) resonance has a quadrupolar distribution of charges. This can be viewed as a two opposite 
edge dipoles. When the two dipoles are misbalanced because of the retardation effects, as in 
figure 7, then a small net dipole moment appears which is perpendicular to the propagation of 
the incident field. This explains why these resonances are observable only in o-polarization, 
and with very small intensity (Fig. 6(b)). Similarly, the (2,0) resonance can be observed only in 
p-polarization, because the misbalanced charge distribution creates net dipole only along the 
direction of propagation k// . 
 
4. Resonant absorption 
 
The formalism developed in paragraphs 2.2 and 3 allows one to determine in a straightforward 
way the reflectivity selection rules that determine which resonances will be excited and which 
not, for a given experimental configuration. These selection rules depend solely on the 
  
geometrical form and the size of the metallic stripe or patch. However, they do not provide the 
absolute values of the resonance depths, which quantify the resonant absorption. Indeed, once 
an incident photon is resonantly captured into the strongly localized photonic modes, its 
destiny will be governed by a balance between the loss rate on the metallic walls and the rate at 
which it is in/out-coupled. This balance depends on the properties of the metal, as well as on 
the other geometrical parameters of the structure, namely the grating period p and the 
semiconductor slab thickness L.  
 
The 0th order incident and reflected propagating waves are sufficient to obtain the resonator 
form factors Eq. (8) and Eq. (28). To go further we need to take into account the evanescent 
waves that are created in the diffraction process [27] and which are tightly confined around the 
grating surface.  The aim of this section is to elucidate the role played by the near field of the 
grating for the energy loss of the photonics modes on the metal walls, which sets the absolute 
value of the reflectivity at resonances Rmin. As we have already mentioned in paragraph 2, the 
resonance depth 1-Rmin describes the ability of the structure to capture the energy of the 
incident wave, that is, the coupling efficiency of the photonic resonances.  
 
Experimentally, the quantity 1-Rmin may be a subject to uncertainties due to the baseline of  the 
spectra. In order to minimise these uncertainties, we take a more precise definition of the 
resonant absorption lineshape. This is obtained noting that the photonic resonance corresponds 
to a complex pole νΚ+i∆ν of the scattering matrix [38]. Therefore, if we denote by r the 
amplitude of the reflected beam around the resonance, from general considerations based on 
the scattering matrix approach [22] it can be cast in the form r(ν) = 1-iA/(ν-νK+i∆ν).  This 
leads to a Lorentzian lineshape of the energy reflection coefficient R(ν)=| r(ν) |² : 
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and now the coupling efficiency 1-Rmin can be extracted from a Lorentzian fit of the absorption 
lineshape.    
 
In order to understand the grating effects on the resonant absorption, we have studied 
systematically the evolution of the absorption lineshapes as a function of the grating period p 
and structure thickness L, both for 2D and 1D structures. In figure 8(a) and 8(b) we report the 
results obtained with the fundamental patch modes of the 2D gratings, in the experimental 
conditions described in the previous paragraph. Very similar results have been obtained also 
for 1D gratings, which is expected since 2D and 1D structures have identical symmetry along 
the direction of periodicity. In figure 8(a) we compare the spectra of two structures with 
identical gratings (p = 17.0µm and s = 10.4µm), but two different values of the semiconductor 
slab thickness L = 0.85µm and L = 1.5µm. The experimental spectra are very well fitted by 
Lorentzian lineshapes, which allows us to extract the coupling efficiency 1-Rmin according to 
Eq. (29). A coupling efficiency of almost 100% is obtained for the first mode of the thicker (L 
= 1.5µm) resonator. In figure 8(b) we plot the coupling efficiency 1-Rmin as a function of the 
strip width s for different periods p and for both values of L. The values of the coupling 
efficiency are independent from the patch width s, but instead depend strongly on the grating 
period. This is clearly seen for instance in figure 8(b) in the proximity of s=13.0 µm where the 
efficiency abruptly changes by changing the grating period. A general conclusion from the 
data is that shorter periods have better coupling efficiencies. Moreover, all periods of the L 
= 1.5µm structure have very high coupling efficiencies, and absorb almost all of incident light 
at resonance, at least for the subwavelength values of p explored in the experiment.    
 
  
 
 
Fig. 8. (a) Two reflectivity spectra (dotted curves) for two different values of the slab thickness (L=0.85µm and 
L=1.5µm) and the corresponding lorenzian fits (continuous lines). The grating parameters are p=17µm and s=13.0µm. 
The coupling efficiency 1-Rmin is defined as the amplitude of the lorenzians profile Eq. (29). (b) Experimental values of 
the coupling efficiency as a function of the strip widths s, for various parameters L and p. The dashed lines are guide 
for the eye. (c) Simulated coupling efficiency and Poynting flux (Eq. (33))  as a function of the slab thickness, for a 
grating with p=17µm and s=13.0µm. The dots indicate the experimental values. (d) Simulated coupling efficiency and 
Poynting flux as a function of the grating period, for a slab thickness L=0.85µm and s=13.0µm. 
 
The fact that the energy transfer is favoured for shorter grating periods is already an indication 
that the evanescent field plays an important role. For simplicity, we will illustrate this assertion 
in the 1D case. At the end, the conclusions that will be drawn will be independent from the 
particular geometry of the grating. Anticipating that the energy transfer will take place mostly 
in the semiconductor slab, where the electromagnetic field of the modes is predominantly 
located, we write now the full expansion of the Hy  field in into Rayleigh-Bloch harmonics in 
that region: 
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Here n is an integer and rn  is the reflectivity on the planar metal mirror, which is well-known 
function of the diffracted order n. The expansion Eq.(30) contains two sets of slab waves 
counter-propagating in the z-direction, with amplitudes Pn and Qn. These amplitudes can be 
obtained exactly from the numerical model in Ref. [18]. To grasp the general trends of the 
dependencies of Pn and Qn  on the expansion order n, we can also use the Fourier-transform of  
Eq. (3) which provides: 
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Here, for simplicity, we have the dropped constant and phase prefactors.  For sufficiently high 
values of n Eq.(32) can be approximated by sinc(pins/p) where “sinc” denotes the cardinal sine 
function sin(x)/x.   
 
In the expansion Eqs.(30) and (31) the evanescent waves correspond to the terms that 
propagate along the grating with in-plane wavevectors αn greater than that of light nsk0 in the 
substrate and decay exponentially over a distance 1/ Im S
n
γ  from the grating or the metal plane. 
From the definition (31) it is clear that the condition αn> nsk0 will involve more expansion 
orders with non-vanishing amplitudes (Eq.(32)) if the period p is short. For the case of the 
subwavelength gratings (p<λ) in our experiments the modal fields (Eq. (3)) decompose 
essentially on the evanescent waves of the grating, since only the 0th order of the 
decomposition of Eq.(30) is a propagating wave.   
 
The role of the evanescent waves for the resonant absorption is revealed trough their 
contribution to the Poynting flux in z-direction 1/ 2 Re( *)z x yS E H=  (the star  indicates 
complex conjugate).  Although a single evanescent wave which is exponentially decaying in 
the z-direction can not carry a Poynting flux in that direction, a pair evanescent waves 
decaying in opposite directions will have a non-zero Poynting flux. This effect is, for instance, 
at the origin of the quantum-mechanical tunnelling across a finite potential barrier in quantum 
mechanics [39], or the attenuated internal reflection in optics [40].  In our case, a non-zero 
Poynting flux arises because of the interference between the evanescent pairs in the expansion 
of Eq.(30). The tunnelling Poynting flux of the slab evanescent waves, averaged over the 
grating period is then: 
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Here the sum runs on the evanescent orders only. As expected, the flux Eq.(33) vanishes if the 
metal mirror is to be removed (rn=0), or if it were a perfect conductor (Im(rn)=0).  
 
We now compare the quantity of Eq.(33) as well as the coupling efficiency 1-Rmin by numerical 
simulations for various parameters L and p. For consistency with the experiment, the incident 
angle is 45° angle of incidence, and we use the first K=1 resonance with νK=1 = 3 THz. Two 
types of simulations have been performed. First, in figure 8(c) the grating period p=17.0 µm is 
fixed, and we vary the cavity thickness L. In the second, shown in figure 8(d), the thickness L 
is fixed to a value L=0.85µm, and the grating period is spanned to very high values. For all 
plots, the coupling efficiency 1-Rmin is plotted in blue, and the Poynting flux is in magenta and, 
for clarity, it has been normalized to its maximal value.  
 
From figure 8(c) we observe that the coupling efficiency reaches 100% around a value of 
L=1.5µm, but decays rapidly for very thin resonators. The experimental data from fig 8(a) are 
also indicated in red circles. Similar behaviour is recovered with the Poynting flux (Eq.(32)), 
and the two curves coincide for thin resonators. We stress that this thickness range is 
particularly pertinent, since for higher thicknesses the lateral confinement of the resonances is 
lost (see paragraphs 2.3 and 2.4). The correlation between the two curves therefore attests the 
role of the evanescent waves to mediate the energy loss to the metallic walls. Moreover, these 
results show that we are able to push our system into an optimal regime of coupling, which is 
similar to the critical coupling regime between a waveguide and a resonator [22, 41]. In this 
regime, the resonator loss (in our case, the loss on the metal walls) equilibrates the capture rate 
for the incoming photons, and all of the incoming energy is absorbed by the resonator. 
Moreover, in this regime, the far field incoming energy is entirely converted into energy of the 
near field.   
 
The strong correlation between the coupling efficiency and the evanescent Poynting flux is 
further confirmed in the second simulation, in figure 8(d). Indeed, both are strongly decreasing 
with the increasing grating period. This strong decrease is explained by the fact that, according 
to Eq.(31) and Eq.(32), as the grating period p is increased, less and less evanescent waves with 
non-vanishing amplitudes are available for the energy transfer. 
  
 
The fact that the energy transfer is mediated through the evanescent waves has two important 
consequences. First, for short enough periods, the resonant absorption is almost independent 
from the incident direction. This is clearly seen from the experimental data of figure 1(b), and 
can be understood from the definition of the wavevector αn (Eq.(31)). Indeed, for strongly 
subwavelength gratings p<<λ the term 2pin/p dominates the angle dependent term 2pisinθ/λ, 
and the amplitudes (Eq.(32)) of evanescent waves are insensitive to the incident direction. 
Second, if the semiconductor slab has some intrinsic absorption e.g. due to electronic 
transitions, the evanescent field would help the energy transfer to the electronic transition in 
the dielectric as well as to the metal. Therefore such devices could be very useful for realising 
angle independent detectors.  
 
5. MIR resonances: Back to the 1D case 
 
Unlike the 2D square patch structure, the 1D grating is actually subject to a topological 
frustration: should it be considered as a grating of slits, or a grating of stripes? So far, we have 
pointed out the p-polarized modes observable in the THz region, which are strongly localized 
under the grating stripes. However, because of this topological ambiguity, under certain 
conditions, the open slits regions could also sustain confined modes. Namely, for the same 
grating structure, such modes are observable for o-polarization and for shorter wavelengths, in 
the mid-infrared spectral region. The experimental setup is identical as described in previous 
section, by now the far-infrared bolometer detector is replaced by Mercury Cadmium Telluride 
(MCT) detector operating in the λ=3µm-15µm range.  
 
 
 
 
Fig. 9. (a) Experimental configuration for probing the structure reflectivity in the mid-infrared spectral range. (b) 
Typical reflectivity spectra for a structure with parameters p=20µm and a=7.3µm. The CO2 atmospheric absorption is 
also indicated. (c) Dispersion diagram for the observed resonances, obtained from multiple reflection measurements. 
The dots are experimental measurements and the continuous lines are numerical computation. The electric field Ey for 
various mode orders is also plotted.  
 
These resonances are shown in figure 9 where we present the experimental configuration in 
(9(a)) and a typical spectrum (9(b)). The measured reflectivity of the o-polarized beam exhibits 
two broad features and a series of equally spaced sharper resonances. The experimental 
spectrum is very well reproduced by our numerical model [18]. The analysis of many spectra, 
that is summarized in figure 9(c) shows that the resonance position are independent from the 
  
period p or the strip width s, but shift almost linearly with  the inverse of the slit opening a. The 
nature of these features becomes clear while examining the electric field distribution Ey (Fig. 
9(c)). We recall that this is the only non-zero component of the electric field for the o-
polarization. The field contour plots show that indeed the electric field is localized in the single 
metal regions, and now vibrates both in horizontal (x) and vertical (z) direction. The field 
distribution is therefore governed by two integers M and K>0. The first counts the number of 
field maxima (M+1) in the lateral direction, whereas K counts the maxima in the vertical 
direction.  
 
These variations translate the boundary conditions imposed on the frontiers of the region 
indicated in red or white dashed line on the contour plots. The vertical contribution arises from 
the fact that the electric field has to vanish on the lower metal plane, and has to be maximal on 
the opening. This creates the broad resonances in the spectra labelled by FPK in figure 9(c).  
These vertical Fabry-Perot resonances are governed by the semiconductor thickness L, as well 
as the metal grating thickness h, and can be also excited in p-polarization (experiment not 
shown). Note that they are absent for very low frequencies (the THz range), because of their 
finite cut-off frequency. 
 
The horizontal contribution arises from the lateral localization between the stripes, and is 
governed by the parameter a. In order to explain this localization, once again the modal 
impedance mismatch between the double metal and single metal regions must be evoked. 
Indeed, the double metal regions of thickness L support a TE1 mode with a cut-off frequency of 
c/2nsL which is about 57 THz for the device depicted in figure 9(a), where L=0.8µm and ns=3.3 
(for this wavelength range). No o-polarized field can therefore penetrate in the double metal 
region below that frequency. This condition is enforced by the requirement that Ey must vanish 
on the vertical metal walls (thickness h) of the metal stripes. We can therefore assume an 
effective boundary condition, which requires that Ey must vanish on the whole segment of 
length L+h. Taking into account both the vertical and horizontal vibrations, we can postulate a 
phenomenological frequency of the form: 
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Here n’M is the effective modal index. For instance, by comparing Eq. (34) with the 
experimental frequency of the fundamental mode M=1, K=1 (at about 30 THz from 9(c)) we 
obtain n’M =2.3 which is lower than the bulk index of the semiconductor (ns=3.3). This can be 
easily understood from figure 9(c) which shows that the mode is partially localized in the air. 
 
Like in 2.2 and 3 the selection rules for this type of resonances can be deduced by projection of 
the incident field on the field distribution. With the ansatz Ey ~ sin((M+1)pix/a)  we obtain the 
following form factor: 
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The function Re(IM) is rapidly decreasing with the lateral order M, which is consistent with the 
experimental spectra in fig 9(b), where the resonant absorption is rapidly extinguished for the 
high order resonances. Note that in this case we can no longer provide an intuitive vision for 
the selection rules by any induced charges and currents. 
 
For this type of resonances, we also observe increased quality factors with respect to the 
localized resonances in the THz region. These larger quality factors can be easily explained by 
the fact that, because of the boundary conditions, the electric field Ey must avoid the metal 
walls, and therefore the ohmic losses are greatly reduced.      
 
 
 
 
  
6. Conclusion 
 
In conclusion, we have investigated the photonic behaviour of metal-semiconductor-metal 
structures with an upper metallic surface structured into rectangular strip grating or grating of 
square patches, in the THz frequency range. The most prominent feature of these devices is 
their ability to support TM-polarized electromagnetic modes which are strongly localised in the 
double-metal regions, with resonant frequencies depending exclusively on the size s of the 
confining regions. 
 
We have provided an analysis of the confining mechanism, which is the impedance mismatch 
between the highly confined modes and the free space plane waves. This impedance mismatch 
is exalted when the semiconductor thickness L is made very small with respect to the resonant 
wavelength. When the device thickness is gradually increased, the individual resonators start to 
couple and the electromagnetic mode with initially flat dispersion gradually degenerate into 
photonic crystal-like mode delocalised along the whole structure.  
 
We have also analysed the coupling of free space photons into these highly confined sub-
wavelength modes.  Precise selection rules are determined based on the symmetry of the 
individual resonators and on the retardation effects of the incoming field. We have also shown 
that the absolute value of the resonantly absorbed energy is strongly impacted by the grating 
near field, and more precisely by the evanescent waves provided by the grating diffraction, 
governed by the grating period p. Therefore our structures are able to convert very efficiently 
the energy of the far field into energy of near field spatial modes. Based on recent evidence that 
the light-matter interaction between strongly confined modes and the electronic transitions in 
semiconductor quantum wells can be exalted in such structures [25],  we believe that the 
concepts developed in this work will be useful for the development of compact subwavelength 
devices, such as detectors and emitters, operating not only in the THz, but also at shorter 
wavelengths. 
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